L-type amino acid transporter 1 (LAT1) is selectively expressed in the blood-brain barrier (BBB) and brain parenchyma. This transporter can facilitate brain delivery of neuroprotective agents and additionally give opportunity to minimize systemic exposure. Here, we investigated structure-pharmacokinetics relationship of five newly synthesized LAT1-utilizing prodrugs of the cyclooxygenase inhibitor, ketoprofen, in order to identify beneficial structural features of prodrugs to achieve both targeted brain delivery and low peripheral distribution of the parent drug. Besides, we studied whether pharmacokinetics and bioconversion of LAT1-utilizing prodrugs in vivo can be predicted in early stage experiments. To achieve these goals, we compared the in vitro brain uptake mechanism of prodrugs, rate of BBB permeation of compounds using in situ perfusion technique, their systemic pharmacokinetics and release of parent drug in brain, plasma and liver of mice. The results revealed that both excellent LAT1-binding ability and transporter utilization in vitro can be achieved by conjugating the parent drug to aromatic amino acids such as phenylalanine in comparison to prodrugs with an aliphatic promoiety. The presence of an aromatic promoiety directly conjugated in meta-or para-position to ketoprofen led to LAT1-utilizing prodrugs capable of delivering the parent drug into the brain with higher unbound brain to plasma ratio and reduced liver exposure than with ketoprofen itself. In contrast, the prodrugs with aliphatic promoieties and with an additional carbon attached between the parent drug and phenylalanine aromatic ring did not enhance brain delivery of ketoprofen. Furthermore, we have devised a screening strategy to pinpoint successful candidates at an early stage of development of LAT1-utilizing prodrugs. The screening approach demonstrated that early stage experiments could not replace pharmacokinetic studies in vivo due to the lack of prediction of the intra-brain/systemic distribution of the prodrugs as well as the release of the parent drug. Overall, this study provides essential knowledge required for improvement of targeted brain delivery and reduction of systemic exposure of drugs via the LAT1-mediated prodrug approach.
Introduction
The development of new central nervous system (CNS) drugs remains a high-risk process with only small progress in ongoing research [1] . The major challenge is the presence of the complex and dynamic blood-brain barrier (BBB) which regulates the passage of molecules into and out of the brain [2] . Several promising strategies have been developed to overcome the obstacles to CNS drug delivery [3] . These approaches involve the direct drug delivery into the brain via different invasive methods, intranasal delivery, opening the BBB, modification of drug molecule to facilitate its BBB permeation, carrier-mediated transport, transcytosis based receptor-mediated approaches and use of nanocarriers [4] . Certainly, all these strategies have strong advantages and disadvantages limiting their use for the successful CNS treatment due to methodological or safety issues. The ideal delivery strategy has to combine both targeted transport of the drug into the brain without altering its pharmacological properties and low systemic distribution to avoid possible adverse effects. In this respect, the prodrug approach utilizing specific transporters highly expressed at the BBB is considered as a feasible way to enhance delivery of small molecules into the brain selectively [3] . The strategy is based on the transfer of an active drug via a prodrug designed as a BBB influx transporter substrate. Subsequently the prodrug will be bioconverted at the target site.
Although there are several endogenous transporters expressed at the BBB, the L-type amino acid transporter 1 (LAT1) possesses several features conferring the possibility for successful transporter-mediated prodrug delivery into the brain [5] [6] [7] [8] [9] . First, unlike many other tissues, LAT1 is selectively expressed on both luminal and abluminal capillary membranes of the endothelial cells of the BBB and the membrane of cells within the brain parenchyma [10, 11] . This enables LAT1-utilizing prodrugs to cross not only the BBB but also to penetrate specific cell membranes in the brain. The importance of the brain intracellular delivery is attributable to the fact that some CNS agents, for example cyclooxygenase (COX)-inhibitors, have intracellular targets [12] . It has been shown that after crossing the BBB, a LAT1-utilizing prodrug of ketoprofen rapidly gained access to the brain cells from extracellular fluid (ECF), while ketoprofen itself remained mainly distributed in the ECF [5] . Another important benefit of the brain-targeted delivery via LAT1 is the possibility to avoid extensive systemic exposure and as a result to minimize peripheral adverse effects.
The following LAT1 substrate structural properties have been recognized in the design of LAT1-utilizing prodrugs: a negatively charged carboxylic acid group, a positively charged amino group and hydrophobic side chain [13] [14] [15] . Based on these features, it has been demonstrated that several prodrugs have an ability to bind to LAT1 and exploit this transporter for BBB permeation or/and cell uptake [5] [6] [7] [8] [9] 16] . However, there is limited information about systemic and brain pharmacokinetics of these prodrugs including the distribution of the prodrugs and their parent drugs in the liver and their first pass metabolism [5, 8, 16, 17] .
In the present study, we designed and synthesized five LAT1-utilizing prodrugs of the COX-inhibitor, ketoprofen, based on previous reports [5, 6, 15] . The structure-pharmacokinetic relationship for the LAT1-utilizing prodrugs, including the brain uptake mechanism, systemic pharmacokinetics and the ability of compounds to deliver unbound ketoprofen into the brain was studied. The purpose of the study was to determine which structural properties of LAT1-utilizing prodrugs facilitate the highest brain delivery and selective release of the active parent drug in the brain and low peripheral exposure. In addition, we examined whether the data from early stage experiments (in vitro LAT1 binding, nonspecific tissue binding and in situ brain perfusion) can be used for prediction of brain delivery and pharmacokinetics of LAT1-utilizing prodrugs in vivo.
Methods

Synthesis of prodrugs
All reactions were performed with reagents obtained from SigmaAldrich (St. Louis, MO, USA), Acros Organics (Waltham, MA, USA) or Merck (Darmstadt, Germany). Reactions were monitored by thin-layer chromatography using aluminium sheets coated with silica gel 60 F 245 (0.24 mm) with suitable visualization. Purifications by flash chromatography were performed on silica gel 60 (0.063-0.200 mm mesh). 1 H and 13 C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 500 spectrometer (Bruker Biospin, Fällanden, Switzerland) operating at 500.13 MHz and 125.75, respectively, using tetramethylsilane as an internal standard. pH-dependent NH-protons of the compounds were not observed. ESI-MS spectra were recorded by a Finnigan LCQ quadrupole ion trap mass spectrometer (Finnigan MAT, San Jose, CA, USA) equipped with an electrospray ionization source. Over 95% purities were obtained for the final products by elemental analysis (C, H, N) with a Perkin Elmer 2400 Series II CHNS/O organic elemental analyzer (Perkin Elmer Inc., Waltham, MA, USA) and by HPLC-UV method (Agilent Zorbax SB-C18 analytical column (4.6 mm × 150 mm, 5 μm) eluting with acetonitrile and 0.1% formic acid buffer (pH ca. 3.0) with a ratio of 55:45 (v/v) at flow rate 1.0 mL/ min).
(2R,S)-2-Amino-3-(3-(2-(3-benzoylphenyl)propanamido)phenyl) propanoic acid, 1. Prodrug 1 was prepared according to the literature procedure [9] . Ketoprofen ((R,S)2-(3-benzoylphenyl)-propionic acid) (0.27 g, 1.07 mmol) in anhydrous CH 2 Cl 2 (10 mL) was refluxed with SOCl 2 (100 μL, 1.43 mmol) under Ar-atm overnight. The reaction mixture was evaporated and the residue was redissolved in CH 2 Cl 2 (10 mL) and reacted with t-Boc-3-amino-L-phenylalanine [9] (0.20 g, 0.71 mmol) in the presence of powdered NaOH (80 mg, 1.43 mmol) at RT under Ar-atm overnight. The solvent was removed and the residue was purified by flash column chromatography eluting with 1-30% MeOH/CH 2 Cl 2 to yield (2R,S)-3-(3-(2-(3-benzoylphenyl)propanamido) phenyl)-2-((tert-butoxycarbonyl)amino)propanoic acid as yellowish solid, 0.31 g (84%).
(2R,S)-3-(3-(2-(3-benzoylphenyl)propanamido)phenyl)-2-((tert-butoxycarbonyl)amino)propanoic acid (0.31 g, 0.60 mmol) was dissolved in anhydrous CH 2 Cl 2 (10 mL) and reacted with trifluoroacetic acid (1.38 mL, 17.98 mmol) by stirring the reaction mixture at RT overnight. The solvents were removed and the residue was redissolved in THF and stirred with 1 M HCl (0.50 mL) at RT for 30 min. The mixture was evaporated and the residue was purified by flash column chromatography eluting with 1-50% MeOH/CH 2 Cl 2 to yield off white solid, 0.20 g (83%). 1 
Other chemicals
All solvents and reagents used for in vitro studies and liquid-chromatography tandem mass spectrometry analysis (LC-MS) were high purity analytical grade or HPLC grade and was purchased from J.T. Baker (Denventer, The Netherlands), Riedel-de Haën (Seelze, Germany) or Sigma, St. Louis, MO, USA, Merck (Darmstadt, Germany). [ 14 C]-Lleucine was purchased from PerkinElmer, Waltham, MA, USA. Laboratory water was purified using a Milli-Q Gradient system (Millipore, Milford, MA, USA). Diclofenac was purchased from Sigma-Aldrich (St. Louis, MO).
Chemical and enzymatic stabilities of prodrugs 1-5
Chemical and enzymatic stabilities of the prodrugs 1-5 were studied in isotonic Tris-HCl buffer (pH 7.4) and mouse liver S9 fraction at 37°C. Mouse liver S9 fraction was prepared by homogenizing freshly collected mouse liver with isotonic Tris-HCl buffer (pH 7.4) (1:4 w/v). The S9 fraction was collected as supernatant after centrifugation of the liver homogenate at 9000 ×g for 20 min at 4°C. The biological material was stored at − 80°C until used. The assay and the enzymatic activity of cell fractions were validated by simultaneously running known in-house made compounds. The enzymatic stability was evaluated by preparing a mixture of mouse liver S9 fraction (final protein concentration 1.0 mg/ mL) with isotonic Tris-HCl buffer (pH 7.4) and 5 mM compound stock solution in DMSO (the final concentration of compound was 100 μM and the DMSO concentration 2%). The mixture was then incubated for 2 h and the samples (100 μL) were withdrawn at appropriate intervals. The enzymatic reaction was terminated by the addition of ice-cold acetonitrile (100 μL) and the samples were centrifuged for 5 min at 12000 × g at room temperature and kept on ice until the supernatants were analyzed. In chemical stability study, the biological material was replaced with same volume of buffer (24 h incubation) and the assay carried out similarly as the enzymatic stability study. The compounds were analyzed by a HPLC-UV method (Agilent 1100 series, Agilent Technologies Inc., Wilmington, DE, USA) at the wavelength of 255 nm and by using a Agilent Zorbax SB-C18 analytical column (4.6 mm × 250 mm, 5 μm; Agilent Technologies Inc., Wilmington, DE, USA) for the chromatography and eluent consisted of 43% of acetonitrile and 57% of 0.1% formic acid buffer (pH ca. 3.0) at a flow rate of 1.0 mL/min. The concentrations of the compounds were calculated from the spiked standard curves.
LAT1 expression and function in ARPE-19 cells
ARPE-19 human retinal pigmented epithelial cells were purchased from American Type Culture Collection, ATCC (Manassas, VA, USA). Total RNA extraction from ARPE-19 cells was evaluated by utilizing RNeasy Micro Kit (50) (Qiajen, Hilden, Germany) in accordance to manufacturer's protocol. After the treatment with DNase (DNA fee, AMbion, TX, USA), the amount of extracted RNA was measured by using the RiboGreen assay (Molecular Probes, Leiden, The Netherlands). The RNA (0.5 μg) was converted into cDNA after the treatment with M-MuLV reverse transcriptase (400 U), 20 μg of random hexamers, and 10 mM of dNTPs (Fermentas, Hanover, MD, USA). LAT1 gene quantification was carried out using Prism 7500 sequence detection system (Applied Biosystems, Inc., Foster City, CA, USA). Briefly, 6 μL of sample was combined with 10 μL of PCR reagent mixture consisting of 5 μL of TaqMan master mix (Applied Biosystems), 0.5 μL of primer probe mix (TaqMan gene expression assay, Applied Biosystems) and 0.5 μL of sterile water. The used primer probe mixes were Hs01001183_m1 (LAT1, SLC7A5).
The function of LAT1 in ARPE-19 cells was assessed by using a known radiolabeled LAT1 substrate, 
Ability of prodrugs to compete for LAT1-binding with [ 14 C]-L-leucine in ARPE-19 cells
The LAT1-binding ability of the prodrugs 1-5 was studied by using a known radiolabelled LAT1-substrate, [ 14 C]-L-leucine (PerkinElmer, Waltham, MA, USA) as described above. Briefly, after pre-incubation with 500 μL of pre-warmed HBSS at 37°C for 10 min, the cells were incubated for 5 min with the studied prodrug (100 μM) (250 μL in HBSS), washed three times with ice-cold HBSS, lysed with 500 μL of 0.1 M NaOH on the ice-bath and the lysate was mixed with 3.5 mL of Emulsifier safe cocktail. The radioactivity was measured by liquid scintillation counting and the uptake of [
14 C]-L-leucine was presented as percentages (%) compared to the control (DMSO) and the decrease in uptake of [ 14 C]-L-leucine (%) caused by the studied prodrugs was calculated.
Concentration-dependent uptake and LAT1-mediated uptake of prodrugs in ARPE-19 cells
The uptake studies of prodrugs 1-5 were performed by adding 1-200 μM of investigated compound in 250 μL of pre-warmed HBSS buffer on the top of the cell layer followed by the incubation at 37°C for 30 min. The cells were then washed three times with ice-cold HBSS and lysed with 250 μL of 0.1 M NaOH. The concentrations of prodrugs in supernatants were analyzed by the LC-MS method described below. The concentration of each experiment was calculated from the standard curve that was prepared by spiking known amounts of compounds to cell lysate. The protein concentrations for each sample were determined by Bio-Rad Protein Assay (EnVision, PerkinElmer, Inc., Waltham, MA, USA). The LAT1-mediated uptake of prodrugs was also studied by preincubating the cells by HBSS buffer containing 100 μM of reported LAT1-inhibitor [18] for 10 min. After the removal of pre-incubation mixture, the experiment was conducted as described above in HBSS buffer solution containing 1 μM of investigated compound and 100 μM of LAT1-inhibitor, incubating it at 37°C for 10 min and followed by the LC-MS analysis (described below).
Animals
In situ brain perfusion and pharmacokinetic studies were conducted in adult male mice (30 ± 5 g), which were supplied by Envigo (Venray, Netherlands). The procedures involving use of mice were approved by the Finnish National Animal Experimental board. The experiments were carried out in accordance with European Community Guidelines and Guide for the Care and Use of Laboratory Animals (National Institute of Health publication no. 85-23, revised in 1985). The mice were housed in stainless steel cages at the following conditions: ambient temperature 22 ± 1°C, relative humidity 50-60%, 12 h of light time (07:00-19:00) and 12 h of dark time (19:00-07:00). The studies were conducted during the light time. The consumption of food pellets (Lactamin R36; Lactamin AB, Sodertalje, Sweden) and tap water was ad libitum.
Plasma protein and nonspecific tissue binding
The nonspecific protein binding of ketoprofen and prodrugs 1-5 at concentration 10 μM in plasma, brain and liver was measured according to equilibrium dialysis method used by Gynther et al. [19] . The pooled plasma, brains and livers from control mice stored at −80°C were used. The unbound fraction of ketoprofen and prodrugs (f u,tissue ) was calculated using the equation described by Kalvass and Maurer [20] : 
In situ brain perfusion in mice
The ability of ketoprofen and prodrugs 1-5 to cross the BBB was studies using in situ mouse brain perfusion technique according to the method described by Gynther et al. [17] . The perfusion of 10 μM solutions of ketoprofen or prodrugs 1-5 was implemented at flow rate of 2.5 mL/min at 37°C for 60 s and was followed by the wash of brain capillaries using drug free perfusion buffer for 2 s at 4°C. The unidirectional transfer constant (K in ) values showing the ability of ketoprofen and prodrugs 1-5 to cross the BBB were calculated as a measure of ability to cross the BBB as follows:
where Q total is brain concentration of investigated analyte, C pf is the concentration of studied compound in the buffer, while T is the time of perfusion.
In vivo pharmacokinetics of prodrugs and ketoprofen
The prodrugs 1-5 and ketoprofen was dissolved in a vehicle containing 10% (v/v) of DMSO and 0.9% (w/v) NaCl in water. A dose of 25 μmol/kg of ketoprofen and prodrugs (n = 3 per compound/time point) was administered as a bolus injection (i.p.) to mice. The mice were sacrificed with decapitation at selected time points within 10 min to 6 h. Plasma, brain and liver were collected for the analysis.
Sample preparation
For sample preparation 25 μL of plasma were precipitated with 75 μL of acetonitrile containing the internal standard (diclofenac). After vortexing and centrifugation of samples for 10 min at 14000 × g at 4°C, 75 μL of supernatant and 75 μL of water were mixed before the LC-MS analysis. Brain and liver samples were homogenized with water (1:3). An aliquot of 100 μL of the homogenates was precipitated by adding 300 μL of acetonitrile with the internal standard (diclofenac) followed by vortexing and centrifugation for 10 min at 14000 ×g at 4°C. After that 100 μL of supernatant was mixed with 100 μL of water before LC-MS analysis.
Liquid-chromatography tandem mass spectrometry analysis
The separation of studied compounds was performed using Agilent 1200 Series Rapid Resolution LC System (Agilent Technologies, Waldbronn, Germany) and the column Poroshell 120 EC-C18 column (50 mm × 2.1 mm, 2.7 μm) with injection volumes 3 μL. The column oven temperature was 40°C, the flow rate was 0.4 mL/min. The protection of the columns was provided by RRLC in-line filter (2 mm, max 600 bar, 0.2 μm, Agilent Technologies). The aqueous eluent phase was 0.1% formic acid in water (A), while the organic phase was acetonitrile (B). The gradient for mobile phase in the analysis was carried out as follows: (0-0.5 min) 20% B, (0.5-1 min) 20-80% B, followed by 3.5 min isocratic phase with 80% of B and equilibration of column for 3.5 min. Thus, the total injection cycle time was of 8 min. The LC-MS/ MS data acquisition was done using an Agilent 6410 Triple Quadrupole Mass Spectrometer with an electrospray ionization source (Agilent Technologies, Palo Alto, CA, USA). The eluent was directed into the MS by the use of the divert valve from 1 min to 6.5 min and then to the waste until the end of the run time. The conditions for analyte detection were used as follows: positive ion mode, the source temperature was 300°C, drying gas (nitrogen) flow rate was 8 L/min, nebulizer pressure was 40 psi, and the MS capillary voltage was 4 kV. Mass spectrometric detection was performed with multiple reaction monitoring with following transitions: 417 → 134.8 for prodrug 1 and 2, which were analyzed separately; 431 → 132 for prodrug 3; 383 → 84 for prodrug 4; 355.1 → 209.1 for prodrug 5; 255 → 209 for ketoprofen and 296.1 → 250 for diclofenac (internal standard). Fragmentor voltages were 60 V for prodrug 2 and 3, 70 V for prodrug 1, 80 V for prodrug 5, 90 V for prodrug 4, 100 V for ketoprofen and diclofenac. Collision energies were 10 V for ketoprofen and diclofenac, 20 V for prodrugs 2 and 5, 30 V for prodrug 1, 3. Data acquisition was performed using the software Agilent MassHunter Workstation Acquisition (Agilent Technologies, Data Acquisition for Triple Quad., B.03.01). The data processing and analysis were performed with Quantitative Analysis (B.04.00) software.
Data analysis
Statistical analysis was done using GraphPad Prism, version 5.03 (GraphPad Software, San Diego, CA). One-way ANOVA, followed by Dunnett's test was utilized to calculate the statistical difference between groups for in vitro experiments. The mean concentration obtained from three individual mice per time point was used for calculation of the following pharmacokinetic parameters: area under the concentration − time curve from time zero to 360 min (AUC 0-360 min ), the maximum concentration after dosing (C max ), time to reach C max (t max ) in plasma, brain, liver. Mathematical comparison of pharmacokinetic parameters between groups was conducted due to inability to perform statistical analysis of single parameters. The brain concentrations of ketoprofen and prodrugs in the pharmacokinetic study were calculated reducing it by the amount of compounds in the cerebral vascular compartment (11.4 μL/g), which was reported previously [21] . The data from in vitro, in situ brain perfusion experiments as well as in vivo concentrations of compounds versus time in plasma, liver and brain are demonstrated as the mean ± SEM. Linear regression analysis was used to identify the correlation between pharmacokinetic parameters, lipophilicity and brain permeation rate.
Results
Synthesis of ketoprofen prodrugs 1-5
Ketoprofen amino acid prodrugs were designed by a 3D quantitative structure activity relationship (QSAR) model [15] and based on the results that we have obtained previously [5, 6] . Prodrugs 1-4 were synthesized as previously described [9] with good overall yields. The detailed description of synthesis is presented in Supplementary Information. Briefly, ketoprofen was first converted into an acid chloride by refluxing it with thionyl chloride and then subsequently coupled with tert-butyloxycarbonyl (Boc)-protected amino acids in the presence of sodium hydroxide (Scheme 1). The Boc-protecting group from amide prodrugs 1-4 was removed by trifluoroacetic acid. The prodrug 5 was prepared via a different route, using a 9-borabicyclononane (9-BBN)-protected amino acid in the direct coupling reaction with ketoprofen [8] . The 9-BBN protecting group was then cleaved by ethylene diamine. All of the prodrugs 1-5 were chemically stable in Tris-buffer (pH 7.4) for 24 h (96.0-100.0% of intact prodrugs were detected) as well as enzymatically stable when incubated with mouse liver S9 fraction for 2 h (93.7-99.9% of intact prodrugs were detected).
LAT1 expression and function in ARPE-19 cells
The expression of LAT1 mRNA in ARPE-19 cells was defined and the function of the transporter was confirmed in experiments with known LAT1 substrate, L-leucine, and the recently developed selective LAT1 inhibitor [18] (Supplementary Fig. S1 ). The concentration-dependent uptake of L-leucine was saturable at concentration range 2.5-100 μM with K m and V max values 34.15 μM and 4.79 nmol/min/mg protein, respectively (Table 1) .
LAT1-utilization by prodrugs in ARPE-19 cells
The ability of prodrugs 1-5 (100 μM) to compete for LAT1-binding with the known transporter substrate, radiolabeled L-leucine (0.157 μM), was evaluated in ARPE-19 cells (Fig. 1A) . Prodrugs 1, 2 and 3 significantly inhibited the cellular uptake of [ leucine uptake (17.6 ± 6.7% and 6.2 ± 2.2%, respectively). The LAT1-mediated uptake of prodrugs 1-5 in ARPE-19 cells was investigated after 10 min incubation with or without the selective LAT1 inhibitor (Fig. 1B) . The uptake of all prodrugs significantly declined in the presence of LAT1 inhibitor. The reduction in uptake were higher for prodrugs 1 and 3 (by 88% and 72.1%), than for prodrugs 2, 4 and 5 (61.5-65.9%).
The concentration dependent uptake of prodrugs 1-5 (1-200 μM) was also assessed in ARPE-19 cells (Table 1 , Supplementary Fig. S2 ). The calculated affinities (K m ) for LAT1 of prodrugs 1, 2 and 4 were at the similar range (6.9-8.9 μM), while prodrug 3 showed higher affinity (3.8 μM). Prodrug 5, in contrast, demonstrated lower affinity to LAT1 (19.8 μM). The highest transport rate was achieved by prodrug 5 followed by prodrugs 1 and 2 (V max 110.8, 62.4, and 68.4 pmol/min /mg protein, respectively) in comparison to prodrugs 3 and 4 (V max < 17 pmol/min/mg protein). Moreover, all prodrugs demonstrated higher affinities for LAT1 than its natural substrate L-leucine, although the prodrugs' capacities of LAT1-mediated transport were Scheme 1. Synthetic route for the ketoprofen prodrugs. Reagents and conditions: a) SOCl 2 , CH 2 Cl 2 , reflux, overnight; b) Boc-protected amino acid, NaOH, CH 2 Cl 2 , RT, overnight, 57-84%; c) TFA, CH 2 Cl 2 , RT, overnight, 55-87%; d) EDC, DMAP, CH 2 Cl 2 /DMF, reflux, overnight, 49%; e) ethylene diamine, THF, reflux, 30 min, 76%. lower. Curiously, the Eadie-Hofstee plots revealed that all prodrugs were also able to utilize another transport system when LAT1 was saturated, unlike L-leucine ( Supplementary Fig. S2 ). Overall, since all prodrugs utilized LAT1 for their cellular uptake, they all were also evaluated in the subsequent BBB permeability and in vivo pharmacokinetic studies.
Blood-brain barrier permeability of the prodrugs
To prove the concept that ketoprofen prodrugs are not only able to utilize LAT1 in vitro, but also cross the fully functional BBB, their brain uptake was studied using an in situ brain perfusion technique in mice. According to our results (Fig. 2) , all prodrugs and ketoprofen penetrated through the BBB with the K in values for prodrugs 1-5 ranging between 0.06 ± 0.02 and 0.45 ± 0.01 μL/s/g and for ketoprofen 0.703 ± 0.03 μL/s/g.
Plasma and tissue binding of ketoprofen and prodrugs
The nonspecific binding in plasma and tissues plays a significant role in CNS drug development, as only the unbound compound in plasma is able to cross the BBB and then the unbound drug in the brain is able to interact with the target protein. Therefore, the nonspecific plasma, liver and brain protein binding profile of ketoprofen and prodrugs 1-5 was studied and the results are presented in Table 2 . Ketoprofen had the lowest plasma unbound fraction (< 2%), but the highest liver unbound drug concentration (f u,liver 47.9%) in comparison to prodrugs 1-5. For prodrugs 1, 2 and 3 unbound fractions in the plasma, brain and liver were < 12%, while for prodrugs 4 and 5 lower protein binding in plasma, liver and brain were observed with unbound fraction ranging from 17.3% to 47.1%.
The impact of lipophilicity (clogP and clogD) on tissue distribution of investigated compounds was evaluated against the unbound fraction in the brain, plasma and liver (Fig. 3A, B) . A linear correlation was detected between clogD and unbound fraction in plasma as well as between clogP and unbound fraction in the brain (Y = −14.58 × clogD + 38.92, R 2 = 0.7835 and Y = −19.98 × clogP + 90.28, R 2 = 0.8481, respectively). In contrast, there was no general trend in the relationship between lipophilicity (clogP and clogD) and the other investigated parameters in a subset of the studied compounds. However, the exclusion of ketoprofen from the analysis revealed a tendency that the prodrugs' liver nonspecific binding increased with their lipophilicity (Fig. 3A, B) . There was no correlation between the unbound fraction of the compounds in the brain and the unidirectional transfer constant (K in ) determined in brain in situ perfusion experiments (Fig. 3C, left) . Interestingly, despite the non-linear relationship between unbound fraction in the brain and in situ brain permeability as defined by as K in (Fig. 3C, left) , there were outliers to the trend (ketoprofen, prodrug 4-5).
Pharmacokinetics of prodrugs and ketoprofen in mice
The pharmacokinetic profile of ketoprofen and prodrugs 1-5 was studied after an i.p. injection of investigated compound (25 μmol/kg) in mice at seven time points over 6 h. The area under the curve within 6 h (AUC u,0-360min ) in plasma, brain, liver as well as partition coefficients between tissues and plasma calculated for unbound investigated compounds and unbound released parent drug are presented in Table 3 . The time-concentration profiles of unbound compounds and ketoprofen released from prodrugs are shown in Fig. 4 .
The study showed that all prodrugs and ketoprofen reached the Asterisks denote a statistically significant difference from the respective control (*P < 0.05, **P < 0.005, ***P < 0.001, one-way ANOVA, followed by Dunnett's test).
Fig. 2.
Blood-brain barrier permeation of ketoprofen and prodrugs 1-5 measured using an in situ brain perfusion technique in mice (n = 3). The perfusions were conducted using 10 μM concentration of compounds for 60 s at the flow rate 2.5 mL/min. The data is presented as mean ± SEM (n = 3). brain. The highest unbound concentrations in the brain were achieved for prodrugs 2, 5 and ketoprofen (AUC u,0-360min 2.1, 9.7 and 1.85 nmol/ g × min, respectively), while for others the AUC u,0-360min values were < 0.26 nmol/g × min. However, prodrugs 1 and 2 were able to release reasonable concentrations of parent drug in the brain (AUC u,0-360min 0.9 and 0.7 nmol/g × min, respectively). Importantly, the brain to plasma distribution was > 10 times higher for the unbound parent drug released from prodrugs 1 and 2 than for ketoprofen itself. The time-concentration profile of ketoprofen released from prodrugs 1 and 2 in the brain displayed two peak concentrations during the 6 h ( Fig. 4B) , whereas ketoprofen itself reached maximum concentration, C max at 30 min. The plasma concentration of unbound ketoprofen Relationship between ratio f u,plasma /f u,brain and AUC u,brain /AUC u,plasma ○ -ketoprofen; • -prodrug 1; □ -prodrug 2; ■ -prodrug 3; Δ -prodrug 4; ▲ -prodrug 5. was > 20 times higher than that released from prodrugs 1-5 and 3-fold higher than concentrations of unbound prodrugs 1-3 and 5. The time to reach the maximum plasma concentration, t max was 10 min for all compounds, while the released ketoprofen from prodrugs 1-5 reached the highest concentrations within 30-120 min. The unbound concentrations in liver were slightly higher for prodrugs 1 and 2 and significantly higher (2-9-fold) for prodrugs 3 and 5 compared to ketoprofen. Prodrug 4 had a 2-fold lower liver unbound concentration than the parent drug. The distribution of unbound prodrugs 1-3 between liver and plasma was similar (AUC u,liver /AUC u,plasma value 2.9-3.6) and > 6-times higher in comparison to unbound ketoprofen and prodrug 4 (AUC u,liver /AUC u,plasma values 0.48 and 0.36, respectively). Only prodrug 5 was the exception, demonstrating a significantly high AU-C u,liver /AUC u,plasma (29.6 ) in comparison to the other compounds. It is important to observe that the relative distribution between brain and liver of released unbound ketoprofen from prodrugs 1 and 2 was five times higher than for ketoprofen (Table 3) . [15] . In particular, the presence of an aromatic ring in the LAT1 promoiety plays an important role in binding to LAT1 [15] . Thus, prodrugs 1-3 containing aromaticity in the promoiety were efficiently bound to LAT1 and this significantly reduced the uptake of [ 14 C]-L-leucine (Fig. 1A) .
Moreover, the results are consistent with the earlier reports conducted in rat brain in situ perfusion experiments of valproic acid and dopamine prodrugs. They demonstrate higher ability to compete against [ 14 C]-Lleucine for LAT1 for meta-derivatives (prodrugs 1, 3), than for paraconjugate (prodrug 2) [8, 9, 16] . In contrast, the prodrugs 4 and 5 with the aliphatic promoiety did not display significant inhibitory effect on LAT1 natural substrate uptake in ARPE-19 cells decreasing it by only 17.6 and 6.2%, respectively. Surprisingly, the previously studied prodrug 4 inhibited the uptake of [ 14 C]-L-leucine by 79.3% after in situ rat perfusion [5] . This discrepancy could be attributed to methodological differences between in vitro experiments in ARPE-19 cells and in situ brain perfusion. Moreover, the variation between human LAT1 expressed in ARPE-19 cells and the rat transporter can also have affected the results. Importantly, all prodrugs were able to accumulate inside the ARPE-19 cells and their uptake was significantly decreased in experiments with selective LAT1 inhibitor. This demonstrates that uptake of all prodrugs was mediated by LAT1 at the given concentration (Fig. 1B) . Prodrugs 1 and 3, which are both meta-substituted phenylalanine prodrugs, exhibited the highest reduction in the uptake (88 and 72%, respectively) after the treatment with the LAT1 inhibitor compared to the other prodrugs (61-65%). Interestingly, the affinities of all prodrugs • -prodrug 1; □ -prodrug 2; ■ -prodrug 3; Δ -prodrug 4; ▲ -prodrug 5. (B) The plasma, liver and brain concentration time curves (up to 360 min) of released unbound ketoprofen from prodrugs 1-5 after single dose 25 μmol/kg i.p. in mice. ♦ -ketoprofen released from prodrug 1; ◊ -ketoprofen released from prodrug 2;▼ -ketoprofen released from prodrug 3; Δ -ketoprofen released from prodrug 4; ▲ -ketoprofen released from prodrug 5. The concentrations in all figures are presented as the mean ± SEM (n = 3).
(3.8-19.8 μM) for LAT1 were significantly higher than for natural LAT1 substrate L-leucine (34.2 μM). Thus, the prodrugs can compete with endogenous amino acids for binding to LAT1. However, the prodrugs' capacities of transport (11.1-110.8 pmol/min/mg protein) via LAT1 were lower than L-leucine (4.8 nmol/min/mg protein) most likely due to the size and rigidity of prodrugs in comparison to L-leucine. The uptake kinetics of prodrugs 1 and 2, which are structurally different only in position of conjugated phenylalanine to ketoprofen, showed similar profile. Both prodrugs had the equal affinity to LAT1 (ca. 8 μM), and the highest transport capacity (V max 62.4 and 68.4 pmol/min/mg protein) in comparison to prodrugs 3 and 4 ( Table 1 , Supplementary  Fig. S2 ). The addition of carbon to promoiety structure in prodrug 3 led to 2-fold increase of affinity to LAT1 in comparison to prodrugs 1 and 2, but caused > 3-times decrease in the transport velocity. The prodrug 4 with aliphatic promoiety did not show improved LAT1-mediated kinetics. Although prodrug 4 was characterized by similar transporter affinity as prodrugs 1 and 2, it had low transport capacity (V max 11.1 pmol/min/mg protein). In contrast, shortening of aliphatic chain in prodrug 5 promoiety resulted in the relative loss of LAT1 affinity (K m 19.8 μM) but curiously, it increased the transport velocity (V max 110.8 pmol/min/mg protein). When prodrugs' uptake via LAT1 was saturated, all compounds utilized other transporters with lower affinity and higher capacity than LAT1 ( Supplementary Fig. S2 ). This fact should be taken into account, when planning and interpreting the in vivo studies. In summary, the in vitro studies confirmed that all prodrugs had higher affinity than natural substrate L-leucine giving the possibility to compete with other amino acids for LAT1 binding. Prodrugs 1-4 had high affinity to LAT1, while capacity was the highest for prodrugs 1, 2 and 5. These results, along with the information obtained from competitive inhibition uptake experiments with L-leucine or LAT1 inhibitor, give suggestion that prodrugs 1-3 are able to utilize LAT1 efficiently, whereas prodrugs 4 and 5 are weaker LAT1 substrates.
Brain permeation and nonspecific binding
The development of candidate drugs affecting central nervous system obviously must address the question of their ability to cross the BBB. The in situ brain perfusion technique makes it possible to evaluate the rate of the BBB permeation and is therefore a suitable method for selecting compounds with reasonable BBB permeation for further studies. In our study, all compounds were able to cross the BBB. The rate of transport was almost equivalent for prodrugs 1-3 and 5, while ketoprofen demonstrated a 2-fold higher permeation (Fig. 2) . This difference can be explained by the fact that other BBB transporters, such as highly expressed organic anion transporter 3 (OAT3), participate in the delivery of ketoprofen [22, 23] . In contrast, the permeation of prodrug 4 was low in comparison with the other compounds. This data is in accordance with the in vitro uptake profile of prodrug 4. However, the permeability does not provide any information about the unbound drug concentrations within the brain in vivo, since complex systemic pharmacokinetics affects the extent of brain permeation. As only the unbound compound can cross the membranes and interact with the CNS target [24] , we investigated the nonspecific plasma and tissue binding of prodrugs. As a result, prodrugs 1-3 with phenylalanine promoiety showed a higher nonspecific binding to plasma, liver and brain proteins in comparison to prodrugs 4 and 5. Ketoprofen, in turn, was characterized by almost complete plasma protein binding and a higher brain unbound fraction in comparison to prodrugs 1-3. Thus, the availability of unbound prodrugs 4-5 to cross the BBB and reach the target in the brain was higher than that for other compounds and especially ketoprofen highly bound to plasma proteins. The brain and plasma unbound fraction of the compounds clearly correlate with their lipophilicity, confirming the findings of other research groups [25, 26] . Moreover, the linear correlation observed between brain permeation of strong LAT1 substrates (prodrugs 1-3) and brain unbound fraction (Fig. 3C, left) can help to reveal outliers as weak substrates of LAT1. However, a larger set of compounds is needed for analysis to confirm this trend.
Brain and systemic pharmacokinetics
The pharmacokinetic study in mice after i.p. injection of equivalent doses of ketoprofen and prodrugs demonstrated similar behaviour with prodrugs 1 and 2 differing from each other only in the position (metaor para-) of the conjugated phenylalanine promoiety. Both compounds had almost identical concentrations in the brain, plasma and liver (Table 3 , Fig. 4) . Moreover, the prodrugs were able to release ketoprofen in the brain with unbound brain/plasma ratios significantly higher than that for ketoprofen. Our previous report showed that a LAT1-utilizing prodrug was able to reach the intracellular compartment in rats where the COX enzyme is located, whereas ketoprofen was distributed mainly in ECF [5] . Despite the fact that the brain concentrations of ketoprofen released from the prodrugs were lower than that after ketoprofen dosing, the possibility of intracellular bioconversion of prodrugs to parent drug can significantly contribute to targeted brain delivery. Therefore, the additional studies for the given prodrugs in mice are required to reveal intra-brain distribution of the compounds. In addition, the high brain/liver ratio of unbound ketoprofen released from prodrugs 1 and 2 as well as relatively low concentrations of the prodrugs and released ketoprofen in plasma compared to ketoprofen dosing can cause a minimization of systemic exposure. In addition, the reduction or even avoidance of the side effects by using the LAT1-targeted prodrug approach can be also explained by the following results. The concentrations of the released ketoprofen from prodrugs 1 and 2 (C max,u,brain 0.01 and 0.004 nmol/g, respectively) and parent drug itself (C max,u,brain 0.027 nmol/g) in the brain were lower than reported as effective levels of ketoprofen (IC50 0.2 μM) [27, 28] . However, the plasma concentration of parent drug after ketoprofen dosing (C max,u,plasma 1.8 μM) was higher than the IC50 value, whereas the plasma levels of ketoprofen released from prodrugs 1 and 2 were significantly lower (0.08 and 0.014 μM, respectively). Thus, ketoprofen at the dose used in the study can cause systemic effects. In contrast, the dose of prodrugs 1 and 2 can be increased to achieve the required concentrations of the parent drug at the brain target site without evoking systemic adverse effects. The addition of carbon atom to the meta-position of phenylalanine promoiety in prodrug 3 structure did not improve its pharmacokinetic properties (Table 3 ). In turn, this modification led to lower brain and higher liver concentrations of the compound compared to prodrugs 1 and 2 without releasing of ketoprofen in the brain. Similarly, two other prodrugs 4 and 5 with aliphatic promoieties did not bioconvert into ketoprofen in the brain. However, the distribution of prodrugs 4 and 5 into the brain was highest in comparison to other compounds (Table 3 ). This data is consistent with the high unbound plasma and brain fraction of these prodrugs. The release of the parent drug from prodrugs 4 and 5 in plasma and liver was also limited. These results highlight the poor bioconversion also for prodrugs 4 and 5 in mice. Moreover, prodrug 5 developed high levels in the liver. The high concentration of prodrug 5 in both brain and liver can be achieved due to its utilization of other transporters such as organic anion-transporting polypeptides (OATPs) which are expressed in these tissues [23, 29] . Previously, we revealed that OATPs were involved in the transport of LAT1-utilizing prodrugs of perforin inhibitors [17] . In summary, the data emphasizes that the small structural changes in prodrugs designed to utilize LAT1 introduce significant effects on their brain and systemic pharmacokinetics, either enhancing or limiting the brain distribution of the parent drug.
Prediction of pharmacokinetics of LAT1-utilizing prodrugs
The LAT1 targeted prodrug approach is a useful tool making it possible to deliver drugs into the brain. However, as for all CNS drugs, there are many factors that need to be considered in the development of LAT1-utilizing prodrugs. First, the potency, selectivity and target site within the brain have to be known for the designated parent drug. The next critical step is the design and synthesis of the LAT1-utilizing prodrugs. In this respect, the structure-pharmacokinetics relationship analysis proposed in this study and previously developed QSAR model [15] certainly aid selection of optimal structures of successful prodrug candidates. The further steps of prodrug development demand an understanding of the physicochemical properties of the compound, the knowledge about the BBB transporters involved in the brain delivery and parameters of biological systems. In this section, we discuss the possibility to predict pharmacokinetics of LAT1-utilizing prodrugs from the data obtained related to uptake in vitro assays, nonspecific tissue binding and in situ brain perfusion experiments conducted within the present study. In addition, we highlight the parameters, which have to be taken into account, and/or can be misleading while planning the studies at early stage of development of LAT1-utilizing prodrugs. We addressed the question about prediction of pharmacokinetics by considering three main tiers of studies ( Fig. 5) : assessment of the brain uptake mechanism (in silico physicochemical evaluation and in vitro assays), evaluation of nonspecific plasma and tissue binding (equilibrium dialysis) and determination of permeation rate (in situ brain perfusion technique).
The first tier includes the investigation of the brain uptake mechanism (passive or carrier-mediated) of the candidate prodrugs designed to utilize LAT1. The physicochemical properties of the prodrugs such as molecular weight (MW), polar surface area (PSA), clogP and clogD can provide information about possible passive permeability of the compound. Thus, according to Waring [30] , the passive permeation of the investigated prodrugs of ketoprofen is unlikely due to the clogD < 3.1 for prodrugs 1-3 (MW 400-450 Da) and clogD < 1.7 for prodrugs 4-5 (MW 350-400 Da) [30] . The poor passive permeability of prodrugs 1-5 can be also confirmed by clogP > 2 (range 2.55-4.2) and PSA > 90 Å 2 (109.49 Å 2 ) which are out of the acceptable limit for optimal CNS exposure [31] [32] [33] . The prodrugs' ability to utilize LAT1 was investigated using in vitro competitive uptake assays with both a selective LAT1 inhibitor and a probe substrate [ 14 C]-L-leucine revealing the transporter substrates (Fig. 1) . Moreover, the kinetics profile of prodrugs was examined using in vitro concentration-dependent uptake experiments in vitro (Table 1) . In this respect, prodrugs 1-3 showed a high LAT1 affinity, the ability to compete for LAT1 binding with Lleucine and their uptake was significantly decreased by LAT1-inhibitor. Moreover, the prodrugs 1 and 2 demonstrated significantly higher LAT1-mediated uptake rate compared to prodrugs 3 and 4. Thus, we considered them as good LAT1 substrates. In contrast, prodrugs 4 and 5 displayed low ability to compete with [ 14 C]-L-leucine for LAT1 binding, although LAT1 affinities for prodrugs 4 and 5 were higher than for Lleucine. This can indicate that the compounds are less effective LAT1 substrates in comparison to prodrugs 1-3. As a result of these findings, we would postulate that only prodrugs 1-3 can be beneficial for LAT1-mediated prodrug approach to deliver the parent drug into the intracellular compartment. Noteworthy, all prodrugs were able to utilize other transporters when LAT1 was saturated. However, the concentrations at which the prodrugs utilize high capacity low affinity transporters are significantly higher than plasma levels of the compounds in vivo. Moreover, it is important to remember that in vitro uptake kinetics cannot completely resemble the in vivo profile due to the presence of competing natural LAT1 substrates and other transporters in vivo. On the other hand, the ability to utilize LAT1 is not a sign of a high rate or extent of brain permeation. The pharmacokinetic data indicates that prodrugs 1-3 have a lower extent of transport and brain concentrations than prodrugs 4 and 5. Prodrug 4 having same affinity as prodrugs 1, 2 and low LAT1 capacity, but high plasma protein binding and high unbound concentrations in plasma can achieve delivery into the brain for longer time (t max,brain 60 min), than prodrugs 1 and 2 (t max,brain 10 min). Prodrug 5 can efficiently utilize other transporters expressed at the BBB than LAT1, for example the OATPs described in the previous section. It is important to keep in mind that the utilization of LAT1 can enable targeted delivery of a prodrug into the brain due to selective expression of the transporter at the BBB and brain parenchyma. In contrast, substrates of other transporters such as OATPs, which are present in many tissues such as liver, can cause significant systemic exposure, as was demonstrated for prodrug 5. Thus, it is not sufficient to determine only uptake in vitro studies for selection of promising prodrugs, as the ability to bind to LAT1 does not necessary guarantee improved brain delivery of the prodrugs and release of ketoprofen to the target site. It provides only mechanistic information about uptake of the compounds into the LAT1 expressing cells. For instance, prodrug 3 has high affinity and ability to LAT1-mediated cellular uptake, but low brain concentrations and inability to release ketoprofen in the brain. Nevertheless, since the prodrugs are efficient LAT1 substrates, they have more opportunities to reach the intracellular target since they are substrates for LAT1-mediated transport. Moreover, as the enzymes responsible for bioconversion of prodrugs are most likely located inside the brain cells, there is the possibility that these prodrugs can release ketoprofen intracellularly [34] [35] [36] [37] [38] . Interestingly, that bioconversion of prodrugs was not shown in vitro, while the released parent drug was detected in vivo for all prodrugs. One reason can Fig. 5 . Screening tree for candidate selection for LAT1-mediated prodrug approach at early stages of CNS drug development.
be a deficiency of enzyme activation pathways in vitro [39] . Thus, the early stage experiments lack the prediction of bioconversion of LAT1-utilizing prodrugs in vivo. The second tier is the assessment of the BBB rate of transport using in situ perfusion method. The permeability rate describes the fact of ability can cross the BBB and provides the information on how rapidly the prodrugs cross the BBB. It is important to differentiate the rate of transport from the extent of brain penetration, which is related to the ratio of the unbound brain to plasma equilibrium concentrations. Therefore, the K in values do not correlate with the brain concentrations of prodrugs in vivo, but can give some clue to a compound's ability to cross the BBB in the fully functional brain. In addition, the permeability rate can demonstrate the involvement of other transporters with higher capacities than LAT1 to deliver prodrugs. This step makes it possible to select the prodrugs crossing the BBB for further studies, but does not facilitate the prediction of the extent of brain delivery.
The third tier is the equilibrium dialysis studies to determine nonspecific binding in plasma, brain and liver. As LAT1-utilizing prodrugs are the exceptions to the "free-drug hypothesis" [40] , the concentrations of unbound prodrugs are different on both sides of the BBB and other biomembranes. Moreover, Smith and Kerns [40] stated that the unbound concentration of transporter substrate is higher on one side of membrane than on the other. This explains the fact that the brain delivery of transporter-mediated substrates is a complex process, which cannot be simplified by assessing only lipophilicity and unbound fraction of the compounds. Therefore, different factors such as the involvement of other influx/efflux transporters, their affinity and capacity, intra-brain distribution, metabolism, cerebrospinal fluid turnover should be taken into account while developing LAT1-utilizing prodrugs. The f u,plasma /f u,brain ratio has been successfully used to predict the distribution of total drug between whole brain and plasma (K p,brain ) for the drugs which are not substrates of efflux transporters [20, 41, 42] . Interestingly, in the present study, the unbound fraction of prodrugs 1-5 and ketoprofen correlated with the unbound brain concentrations (AUC u,brain ), evidence that f u,brain can be used as a predictor of AU-C u,brain (Fig. 3C, middle) . Based on this proposal, it would be understandable to select prodrugs 4 and 5 due to their higher brain concentrations in comparison to prodrugs 1-3. However, this can lead to wrong conclusions and false positive results. This stems from the proposal that LAT1-mediated prodrug approach is not intended simply to achieve high concentrations of prodrugs in the brain, but mainly to identify those prodrugs selectively releasing parent drug in the brain at higher concentrations than in periphery. In this respect, AUC u,brain / AUC u,plasma is a more valuable parameter, reflecting the extent of brain penetration. We compared the f u,plasma /f u,brain ratio with AUC u,brain / AUC u,plasma ratio (Fig. 3C, right) . The results confirmed the fact that the use of the f u,plasma /f u,brain ratio for prediction of partitioning between the brain and plasma is misleading for transporter substrates [4] . Thus, the f u,plasma /f u,brain ratio is independent of the brain/plasma partitioning due to the involvement of carrier-mediated processes and cannot be used for predicting the distribution of LAT1-utilizing prodrugs between plasma and brain. It is interesting, that the prodrugs designed to utilize LAT1 have a similar f u,plasma /f u,brain ratio. It is important to keep in mind that only the presence at the target site of unbound parent drug, but not that of the prodrug evokes the desired pharmacological effect. Therefore, the most important question in terms of development of LAT1-utilizing prodrugs is the investigation of predictive tools for the assessment of released unbound parent drug concentrations in vivo.
The use of structure-pharmacokinetic relationship, 3D QSAR model developed for LAT1 substrates, in vitro assays and in situ perfusion technique can facilitate the selection of LAT1-utilizing prodrugs, choosing those most suitable for further evaluation in single dose pharmacokinetic studies in rodents. The above set of tools can provide mechanistic and some quantitative information about brain uptake and prodrug delivery into the brain. However, they cannot replace pharmacokinetic studies due to inability to predict the intra-brain and systemic distribution of the prodrug as well as the release of the parent drug.
Conclusions
The optimization of pharmacokinetics should be addressed during the early phase of development of LAT1-utilizing prodrugs to achieve adequate drug efficacy and safety profile, and, as a result, beneficial treatment for patients. In the present study, we examined the structurepharmacokinetic relationship of five LAT1-utilizing prodrugs of the COX-inhibitor, ketoprofen, in mice. The analysis revealed that the presence of aromaticity in the prodrug's promoiety is an important structural property, ensuring high LAT1-binding ability and utilization of the transporter by prodrugs. Moreover, the direct conjugation of aromatic amino acid to the parent drug in the meta-and para-position is a critical feature required to achieve effective brain delivery and reduced liver distribution of ketoprofen; these properties could not be achieved by using aliphatic amino acids as promoieties. Moreover, the candidate screening strategy for LAT1-mediated prodrug approach proposed in the study will aid in the early stage of the development of LAT1-utilizing prodrugs with optimal properties for CNS drug delivery in future.
